Introduction
============

With the expansion of the human imprint on the planet, sustained availability of key environmental resources is becoming a challenge. Among these challenges, availability of clean water is one of the top issues being debated. It is not just availability of fresh water, but the quality of it that is a key concern. The diseases caused due to the presence of harmful pathogens in natural water bodies are a major cause of morbidity and mortality affecting millions of individuals worldwide each year, especially in developing countries such as India.[@b1-ijn-10-4901]--[@b3-ijn-10-4901] The most common pathogens that cause waterborne diseases are viruses, bacteria, and protozoa.

Among the protozoa, *Entamoeba histolytica, Giardia lamblia*, and *Cryptosporidium parvum* are the major causes of waterborne diseases.[@b2-ijn-10-4901],[@b4-ijn-10-4901] Amebiasis, caused by the ingestion of *E. histolytica* cysts, is a major health problem in developing countries and is the second most common cause of death due to parasitic infection globally. The ingested cysts get converted into the motile trophozoites in the ileocecal region of the intestine.[@b5-ijn-10-4901],[@b6-ijn-10-4901] Cysts are the infective stage, but so far it has not been possible to induce encystment in axenic *E. histolytica* trophozoites in culture.[@b5-ijn-10-4901] Therefore, *Entamoeba invadens*, a reptilian parasite that can be encysted in culture is generally used for the model system.[@b7-ijn-10-4901],[@b8-ijn-10-4901] The *Entamoeba* spp. cyst cell wall is composed of a fibrillar network of different polysaccharides and lectins.[@b8-ijn-10-4901] The major component of the cyst cell wall is chitin, a β-(1,4)-linked homopolymer of *N*-acetyl-[d]{.smallcaps}-glucosamine. Cyst wall lectins include Jacob (three to seven chitin-binding domains, each of which contains six Cys), Jessie (single N-terminal 8-Cys chitin-binding domains), and chitinase (single N-terminal chitin-binding domains containing eight Cys residues) have already been identified[@b7-ijn-10-4901],[@b9-ijn-10-4901] ([Figure 1](#f1-ijn-10-4901){ref-type="fig"}).

With recent development in nanotechnology, various types of metal and metal oxide nanoparticles have been synthesized. Nanoscaled materials are now considered to be foremost among novel water purification materials.[@b10-ijn-10-4901] Magnetic nanoparticles are currently employed as a new tool for biomedical sciences in several ways such as imaging, sensing, and targeted drug delivery.[@b11-ijn-10-4901],[@b12-ijn-10-4901]

Chitosan is a highly cationic biopolymer obtained through deacetylation of chitin. Chitin is isolated from crustaceans.[@b13-ijn-10-4901] Chitosan is a non-toxic, edible, and biocompatible polymer frequently used in biomedical and food applications.[@b14-ijn-10-4901],[@b15-ijn-10-4901] It is evident that molecular chitosan is difficult to dissolve in aqueous solutions at neutral pH.[@b14-ijn-10-4901],[@b16-ijn-10-4901] However, chitosan oligosaccharide (CSO) nanoparticles were found to be more stable, non-agglomerated, and well dispersed in aqueous systems at neutral pH and biological pH.[@b17-ijn-10-4901]

In the current study, CSO-functionalized iron oxide nanoparticles (CSO-INPs) were synthesized and used for the magnetic separation of *E. histolytica* cysts from the water sample. Further studies were carried out to investigate the probable binding mechanism of synthesized nanoparticles with the various components of the cyst wall of *E. histolytica* cysts. The molecular affinity of nanoparticles with the cyst wall glycoprotein was also modeled and simulated.

Materials and methods
=====================

For present study, analytical grade chemicals, Iron (III) chloride (97%), oleic acid (90%), n-hexane (95%), anhydrous ethanol, 1-octadecene (90%), acetic acid, N-(3-Dimethylamino-propyl)-N-ethylcarbodiimide hydrochloride (EDC), N-hydroxy-succinimide (NHS), CSO (Mn 5,000 and \>90% deacetylated) were purchased from Sigma-Aldrich Co, St Louis, MO, USA. N-\[(3-Trimethoxysilyl)propyl\] ethylenediaminetetraacetic acid trisodium salt (50% in water) was received from Gelest, Inc, Morrisville, PA, USA. The water used throughout this work was of reagent grade produced by a Milli-Q^®^ water purification system.

Synthesis of nanoparticles
--------------------------

INPs ere synthesized as reported by Jana et al[@b18-ijn-10-4901] with slight modifications.[@b19-ijn-10-4901] In a typical synthesis of an iron--oleate complex, 2.55 g of iron chloride (FeCl~3~·6H~2~O) was dissolved in 100 mL of methanol and 11 mL of oleic acid under continuous stirring. Another solution prepared by dissolving 1.6 g of NaOH in 200 mL of methanol was added to the above solution in continuous stirring conditions. The observed brown precipitate of iron oleate was washed with methanol and dried under vacuum overnight to remove the solvent. The resultant synthesized solid mass (4.02 g) was dissolved in 30 mL of 1-octadecene at 70°C to make a stock solution. Thereafter, 10 mL of stock solution was mixed with 40 mL of 1-octadecene, and 0.1 equivalents of oleic acid and the solution were heated to 280°C for 30 minutes in an inert environment. When the reaction was complete, the mixture was precipitated twice with ethanol.

The oleic acid on the particle surface was replaced with a --COOH containing silane using a method reported by De Palma et al.[@b20-ijn-10-4901] Nanoparticles were further functionalized with CSO via carbodiimide activation, using EDC and NHS following a method developed by López-Cruz et al.[@b17-ijn-10-4901] In a typical synthesis, 150 g of silane-functionalized INPs were dissolved in 10 mL of MilliQ water (maintaining pH =8) with 0.04 g EDC and 0.05 g NHS for the carboiimide activation of the functional group, required for the covalent bonding of the amino group chitosan with the terminal carboxylic group of silane-functionalized INPs.[@b17-ijn-10-4901] Another mixture containing 0.2 g CSO lactate (chitosan derivative obtained from Sigma-Aldrich Co) was dissolved in 20 mL in MilliQ water. The two solutions were mixed in continuous stirring conditions, and were kept continuous stirring conditions for 24 hours. The observed milky solution was precipitated by ethanol. The resulting water-soluble precipitate of CSO-INPs was further re suspended in MilliQ water.

Characterization of nanoparticles
---------------------------------

Transmission electron microscopy (TEM) images were recorded on a JEOL 2100F; the TEM operated at an accelerating voltage of 200 kV. Samples were prepared by adding 10 µL of the nanoparticles solution on 200-mesh carbon-coated Cu grids. For the rapid counting of nanoparticles, TEM images were further processed by NIH ImageJ software.[@b21-ijn-10-4901] Powder X-ray diffraction (XRD) studies were carried out through a Philips1820 advance diffractometer equipped with Ni-filtered Cu-Kα radiation, maintaining the scan rate of 0.24° per minute. Infrared (IR) spectroscopy studies were carried out by Varian 7000 Fourier transform infrared spectroscopy (FTIR) to determine the chemical functional groups in the sample.

Cell culture and maintenance
----------------------------

*E. invadens* strain IP-1 was obtained from the American Type Culture Collection and maintained at 25°C in TYI-S-33 growth medium[@b22-ijn-10-4901] containing 15% heat-inactivated adult bovine serum, 125 µL/100 mL streptomycin (Nicholas Piramel India Limited, Maharashtra, India) and 2.5% vitamin mix (Sigma-Aldrich Co).

Cyst induction
--------------

Trophozoites were grown and kept on chilled ice for 10 minutes to collect the cells from the wall. Trophozoites (5×10^5^/mL), at their log phase, were grown and centrifuged at 500 *g* for 5 minutes at 4°C, and thereafter were moved into induction medium (low glucose \[LG\]). Trypticase-Yeast Extract-Iron-Serum (TYI) medium (without glucose) was introduced and diluted to 2.12 times in MilliQ.[@b5-ijn-10-4901] Thereafter, the medium was added to 5% heat-inactivated adult bovine serum, 2.6% vitamin mix, and streptomycin (125 µL/100 mL).[@b22-ijn-10-4901] Cysts were incubated in LG medium for 3 days. They were harvested and treated with 0.05% sarkosyl.[@b7-ijn-10-4901] The spherical refractile cysts were identified using 0.01% calcofluor staining (Sigma-Aldrich Co).[@b5-ijn-10-4901]

Removal of cysts in simulated conditions
----------------------------------------

After incubating synthesized nanoparticles with cyst-spiked water, a magnetic field powered by permanent magnet was applied to separate out the nanoparticle/cyst aggregates. The supernatant was removed, and the remaining aggregates were washed thoroughly, stained with fluorescent dye calcofluor, transferred to a glass slide, and imaged.

Capture efficiency of nanoparticles was calculated by dividing the number of *Entamoeba* spp. in CSO-INP aggregates over the total number of cysts in both the supernatant and the aggregate. To evaluate the optimum capture efficiency of the synthesized nanoparticles, varied concentration of nanoparticles (0.5 mg/mL, 1 mg/mL, 2 mg/mL, 3 mg/mL, 4 mg/mL, and 5 mg/mL) were mixed with *Entamoeba* cyst-containing solutions (10^5^ cells/mL) in 1 mL of Milli-Q (pH 7). This mixture was incubated for different time intervals (5, 10, 15, 20, 25, 35, and 45 minutes) and then analyzed for capture efficiency at room temperature while continuously shaking in a 2 mL microfuge tube. After incubation, a constant magnetic field was applied for separating nanoparticles and *Entamoeba* cyst aggregates. The supernatant was carefully removed, and the remaining aggregates were washed thoroughly with fresh 1× phosphate-buffered saline (PBS) buffer (pH 7.4). The aggregate was re-suspended in PBS buffer and stained with 0.01% calcofluor fluorescent dye. It has already been reported that calcofluor binds the cysts' membrane.[@b8-ijn-10-4901] The cysts were subsequently transferred to a glass slide and imaged under fluorescent microscope. For negative controls, one tube was taken without nanoparticles but retaining the cysts.

A TEM (JEOL 2100F) study was also carried out for investigation of linkage of *Entamoeba* cysts with synthesized CSO-INPs. CSO-INPs (4 mg/mL) were added to *Entamoeba* cyst-containing solution diluted in 1 mL of 1× PBS buffer (pH 7.4) and visualized under TEM after fixation. The presence of CSO-INPs on the surface of cyst walls was further confirmed by the scanning electron microscopy coupled with energy dispersive X-ray (SEM-EDS) elemental analysis (Zeiss EVO40).

Modeling for binding of CSO with different structural components of *Entamoeba* cyst walls
------------------------------------------------------------------------------------------

In the present study, existing cyst wall structural models[@b9-ijn-10-4901] were used for the investigation of the interaction of various components of cyst cell wall ([Figure 1](#f1-ijn-10-4901){ref-type="fig"}) with synthesized CSO-INPs.

Screening and modeling of various cyst wall components and CSO
--------------------------------------------------------------

CSO was used as a ligand for this analysis. The structure of CSO was retrieved by CORINA software.[@b23-ijn-10-4901] The structure of one of the receptors, chitin, was adopted from the Pubchem database (<https://pubchem.ncbi.nlm.nih.gov/substance/599272#section=Top>). As the structure of other receptor, namely chitinase, Jacob and Jessie lectins were not available in the Pubchem database, so their amino acid sequences were obtained from the National Center for Biotechnology Information (NCBI) database. A Basic Local Alignment Search Tool (BLAST) search was performed against the Protein Data Bank (PDB) for homology modeling with similar sequence and known three-dimensional (3D) structures (<http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome>). PDB-BLAST was repeated four times for the best template selection (in the current study, we could not model Jessie lectin, as we did not find any available database for it). These PDB templates were selected on the basis of high score, maximum percentage identity, and low E-value. Chitinase and Jacob were modeled through the ESyPred3D program. The ESyPred3D program is an automated homology modeling program based on an artificial neural networks computational model.[@b24-ijn-10-4901] Final models were visualized by PyMOL viewer.[@b25-ijn-10-4901]

Validation of 3D homology model structures
------------------------------------------

After homology modeling of chitinase and Jacob, their structures were validated through three structure verification programs, PROCHECK,[@b26-ijn-10-4901] VERIFY_3D,[@b27-ijn-10-4901] and ProSA.[@b28-ijn-10-4901] These verification programs validate the predicted model on the basis of various parameters. The specific position of each amino acid residue in each model was validated by the PROCHECK program that relies on Ramachandran plots.[@b29-ijn-10-4901] The VERIFY_3D program determines the compatibility of an atomic model (3D) with its own amino acid sequence (1D), based on its position and surroundings. The ProSA program generates an energy plot. The energy plot provides *z* scores on the basis of total interaction energy. The *z* score was further used for the validation of accuracy and stability of the model.

Automated flexible docking of chitinase, Jacob, and chitin with CSO
-------------------------------------------------------------------

Final verified models of the biochemical components of cyst wall were docked against CSO by Autodock software.[@b25-ijn-10-4901] For adequate simulation salvation parameters, Kollman charges and polar hydrogens were added onto the protein structures. Gasteiger charge and non-polar hydrogens were assigned to CSO.[@b23-ijn-10-4901] This docking process was based on Lamarckian genetic algorithm with a population size of 2,000; maximum number of energy evaluation was 10 million and maximum number of generations was 300,000.[@b30-ijn-10-4901] The best confirmation of docking was received after 100 simulations. Interaction of ligand (CSO) and receptors (chitin, Jacob, and chitinase) was visualized through the PyMOL viewer.

Results and discussion
======================

Characterization of nanoparticles
---------------------------------

The typical TEM images of INPs and CSO-INPs are shown in [Figure 2A and B](#f2-ijn-10-4901){ref-type="fig"}, respectively. Processing of these TEM images by US National Institutes of Health (NIH) ImageJ software provided mean INP and CSO-INP diameter values of 6.5±1.2 and 9.1±2.3 nm, respectively. Further, it was observed that the INPs and CSO-functionalized nanoparticles were well dispersed and non-aggregated.[@b31-ijn-10-4901]--[@b33-ijn-10-4901] XRD patterns of synthesized INPs exhibited peaks at 2θ at 30.1, 35.5, 42.6, 53.6, 57.0, and 62.8, which were respectively assignable to diffraction of the (220), (311), (400), (422), (511), (440) planes of magnetite nanoparticles (JCPDS card number 82-1533).[@b34-ijn-10-4901] However, the broad reflection planes are perhaps due to the nanosize of the synthesized particles (black line in [Figure 3](#f3-ijn-10-4901){ref-type="fig"}). The XRD pattern for CSO-INPs exhibited its two characteristic peaks at 2θ =20.1, 30.1, 35.5, and 62.8. Presence of characteristic peaks at 2θ =20.1 for CSO, along with peaks at 2θ =30.1, 35.5, and 62.8 associated with the iron nanoparticles, confirm the coating of CSO on iron nanoparticles (red line in [Figure 3](#f3-ijn-10-4901){ref-type="fig"}).[@b32-ijn-10-4901],[@b35-ijn-10-4901]

The FTIR graph ([Figure 4](#f4-ijn-10-4901){ref-type="fig"}) indicates the characteristic peaks of oleic acid-coated INPs. The --CH~2~ stretch is seen at 2,846 cm^−1^ and again at 2,924 cm^−1^, C=C at 1,646 cm^−1^, and the --CH~3~ stretch can be seen at 1,459 cm^−1^ (black line in [Figure 4](#f4-ijn-10-4901){ref-type="fig"}), indicating the presence of oleic acid on nanoparticle surfaces. Successful amide formation between amine groups in CSO and the carboxylic group of silane (red line in [Figure 4](#f4-ijn-10-4901){ref-type="fig"}) is confirmed by the appearance of characteristic bands such as the band representing the --OH group at 3,355 cm^−1^, and the band representing C=O (secondary amide formation) at 1,635 cm^−1^ for CSO.[@b17-ijn-10-4901],[@b31-ijn-10-4901],[@b32-ijn-10-4901]

Zeta potential data in [Figure S1A](#SD1-ijn-10-4901){ref-type="supplementary-material"} indicates that CSO-INPs were positively charged, with a surface potential greater than +37 mV at pH 3. This confirms the presence of amino groups on the nanoparticle surfaces in their protonated form, thus establishing the presence of CSO on the particle surface. Results indicate that with an increase of pH, the surface charge of the particle decreased, which was probably due to the deprotonation tendency of the surface-exposed amino groups at higher pH values.[@b17-ijn-10-4901] [Figure S1B](#SD1-ijn-10-4901){ref-type="supplementary-material"} shows that particles possess positive zeta potential of +11 mV at pH 7, which corresponds to the pH of natural water. However, at pH 9, particles show a negative zeta potential of −2.7 mV ([Figure S1C](#SD1-ijn-10-4901){ref-type="supplementary-material"}). These results confirm that the nanoparticles have sufficient colloidal stability that is necessary for biological and environmental applications.[@b32-ijn-10-4901]

Magnetic removal of *Entamoeba* cysts from spiked water samples
---------------------------------------------------------------

Capture efficiency for the cysts cells treated with CSO-INPs was calculated. Different concentrations of nanoparticles, from 0.5 mg/mL to 5 mg/mL were used along with 10^5^ cysts/mL spiked aqueous solution ([Figure 5](#f5-ijn-10-4901){ref-type="fig"}). Initially, all the experiments were performed at pH 7.0 and at 37°C temperature. The highest capture efficiency was found to be at 4 mg/mL concentration of nanoparticles under the same experimental conditions. By keeping the concentration constant (4 mg/mL) and varying the incubation time, highest capture efficiency (approximately 86%) was observed at 35 minutes ([Figures S2](#SD2-ijn-10-4901){ref-type="supplementary-material"} and [S3](#SD3-ijn-10-4901){ref-type="supplementary-material"}).

TEM images clearly indicate the successful trapping of *Entamoeba* cyst by magnetic CSO nanoparticles under the influence of an external magnetic field. TEM images of magnetically defected mass show many cysts entrapped in clusters of nanoparticles ([Figures 6](#f6-ijn-10-4901){ref-type="fig"} and [S4](#SD4-ijn-10-4901){ref-type="supplementary-material"}).

The scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) element analysis further confirmed presence of CSO-INPs on the surface of cyst walls. SEM image of magnetically deflected mass clearly indicate the successful trapping of *Entamoeba* cysts ([Figure S5A](#SD5-ijn-10-4901){ref-type="supplementary-material"}). Spectral profile of Fe Kα and its corresponding X-ray mapping suggests that iron is almost uniformly distributed on cyst walls ([Figure S5B](#SD5-ijn-10-4901){ref-type="supplementary-material"}).

Modeling for binding of CSO with different components of *Entamoeba* cyst walls
-------------------------------------------------------------------------------

CORINA software generated a 3D structure of CSO that was used as a ligand for further modeling ([Figure S6](#SD6-ijn-10-4901){ref-type="supplementary-material"}). After using BLAST, the best template for chitinase homology modeling was identified as human chitotriosidase (PDB entry 1GUV_A, resolution =2.35 Å) with 39% homology similarity ([Figure S7](#SD7-ijn-10-4901){ref-type="supplementary-material"}),[@b36-ijn-10-4901] and diisopropyl fluorophosphatase of *Loligo vulgaris* (PDB entry 2IAX_A, resolution =1.10 Å) was identified as best template for Jacob with 18.2% homology similarity ([Figure S8](#SD8-ijn-10-4901){ref-type="supplementary-material"}).[@b37-ijn-10-4901] Ramachandran plot of chitinase showed 91.1% amino acid residue in a favorable region, 8.0% residue in an additionally allowed region, and 0.9% residue in a disallowed region ([Figure S9A](#SD9-ijn-10-4901){ref-type="supplementary-material"}). In contrast, the Ramachandran plot of Jacob showed 71.1% residue in a favorable region, 27.1% residue in an additionally allowed region, and 1.8% residue in a disallowed region ([Figure S9B](#SD9-ijn-10-4901){ref-type="supplementary-material"}). It was confirmed that most of the residues were located in the phi-psi range, which made the plot reliable for further analysis.[@b26-ijn-10-4901] A ProSA energy plot represented interaction energy of each residue of protein that was identified by the *z* score. *z* scores for the chitinase model and the Jacob model were −9.39 and −1.85 kcal/mol, respectively ([Figure S10A, B](#SD10-ijn-10-4901){ref-type="supplementary-material"}). Chitinase has a more negative *z* score, which confirms the stability and suitability of the model for further analysis compared to other models.[@b28-ijn-10-4901] The VERIFY_3D program also showed good score as 93.92% and 46.27% for chitinase and Jacob models, respectively ([Table S1](#SD11-ijn-10-4901){ref-type="supplementary-material"}), which implied that surrounding side chains of the models are acceptable for docking purposes.[@b27-ijn-10-4901]

Automated flexible docking analysis of chitinase, Jacob, and chitin with CSO
----------------------------------------------------------------------------

Docking of CSO against chitinase, Jacob, and chitin was performed via Autodock software. Homology models of chitinase, Jacob, and chitin were used as receptors. Receptor models were kept in non-flexible conditions, but the CSO ligand was kept flexible for superior binding.[@b25-ijn-10-4901] The ligand--receptor interaction analysis was based on Lamarckian genetic algorithm, with a higher degree of freedom for ligands. This degree of freedom accounts for better binding of ligands on receptors.[@b30-ijn-10-4901]

Site-specific interaction of chitinase with CSO
-----------------------------------------------

In the current study, docking studies of chitinase with CSO also revealed that amino acid residues such as Tyr167, Asn222, Asn246, Trp245, and Trp504 of chitinase participated in hydrogen bonding with CSO. Gly244 was found to be involved in a hydrophobic interaction with CSO ([Figure 7](#f7-ijn-10-4901){ref-type="fig"}).

Site-specific interaction of Jacob with CSO
-------------------------------------------

Docking studies of Jacob with CSO revealed that Phe183, Asn236, Glu171, Cys190, Cys389, and Pro388 residues participated in hydrogen bond interactions, whereas Trp391, Val191, Try189, and Asp387 residues were associated with hydrophobic interactions ([Figure 8](#f8-ijn-10-4901){ref-type="fig"}).

Site-specific interaction of chitin to CSO
------------------------------------------

Interaction analysis of chitin with CSO ([Figure 9](#f9-ijn-10-4901){ref-type="fig"}) clearly indicated that it possesses low binding energy ([Table S2](#SD12-ijn-10-4901){ref-type="supplementary-material"}) and evidences lesser formation of hydrogen bonds as compared to chitinase and Jacob. Therefore, chitin cannot be considered as a good receptor for binding of CSO.

[Table S2](#SD12-ijn-10-4901){ref-type="supplementary-material"} clearly indicates the higher negative value of intermolecular energy, hydrogen bonding energy, electrostatic energy, total internal energy, and torsional free energy for Jacob and Chitinase receptors with respect to chitin. These findings of differential binding affinity (additional outcome of final intermolecular energy, hydrogen bonding energy, electrostatic energy, total internal energy, and torsional free energy)[@b30-ijn-10-4901] revealed that CSO has a higher affinity for chitinase and Jacob lectins. Therefore, the 3D homology model of chitinase, Jacob can be used as a therapeutic target for the removal of *Entamoeba histolytica* from environmental samples.

In summary, CSO-INPs were synthesized for removal of *Entamoeba* cysts from the water under the influence of an external magnetic field. Synthesized particles were found to be well dispersed, non-agglomerative, and stable over a range of pH values, which makes them suitable for water treatment. Different lectins and chitin components of cyst walls were found to be interactive with CSO nanoparticles, making the latter very much suitable for pathogenic *Entamoeba* cyst removal from water.

Present work endorses integration of magnetic CSO nanomaterials into existing water purification systems. To fully utilize the potential of CSO-INPs, especially for future water treatment applications, various parameters such as size and shape of nanoparticles, temperature, and pH need to be optimized. Toxicity of synthesized nanomaterials is another challenging issue for upscaling this process. However, biocompatibility, nontoxic nature,[@b16-ijn-10-4901],[@b19-ijn-10-4901],[@b38-ijn-10-4901]--[@b42-ijn-10-4901] and antimicrobial properties of chitosan[@b16-ijn-10-4901],[@b43-ijn-10-4901],[@b44-ijn-10-4901] makes the synthesized nanomaterial a suitable candidate for the treatment of the contaminated water systems.

Supplementary materials
=======================

###### 

Zeta potential measurement of chitosan oligosaccharide-functionalized iron oxide nanoparticles (CSO-INPs) at pH 3 (**A**), pH 7 (**B**), and pH 9 (**C**).

###### 

Magnetic deflection of *Entamoeba* cysts under the influence of an external magnetic field.

**Notes:** Water sample spiked with *Entamoeba* cysts and CSO-INPs (**A**). The defected mass of CSO-INPs/cyst aggregate under the influence of external magnetic field (**B** and **C**).

**Abbreviation:** CSO-INPs, chitosan oligosaccharide-functionalized iron oxide nanoparticles.

###### 

Capture efficiency of nanoparticles to *Entamoeba* cysts at different concentrations of nanoparticles at different times.

###### 

(**A**) TEM (transmission electron microscopy) image of magnetically deflected nanoparticles/cyst aggregates, and (**B**) single *Entamoeba* cyst and nanoparticles on cyst wall.

###### 

(**A**) Scanning electron microscopy (SEM) image of magnetically deflected nanoparticle (CSO-INP)/cyst-aggregates. (**B**) SEM-EDX element analysis of nanoparticles/cyst aggregates.

**Abbreviations:** CSO-INP, chitosan oligosaccharide-functionalized iron oxide nanoparticle; EDX, energy-dispersive X-ray spectroscopy.

###### 

Three dimensional (3D) structure of chitosan oligosaccharide.

###### 

Representation of chitinase homology model by ESyPred3D program.

**Notes:** (**A**) Chitinase homology model. (**B**) Template of chitinase model -- human chitotriosidase (1GUV_A). (**C**) Chitinase homology model superimposed with template.

###### 

Representation of Jacob homology model by ESyPred program.

**Notes:** (**A**) Jacob homology model. (**B**) Template of Jacob model -- di-isopropyl fluorophosphatase of *Loligo vulgaris* (2IAX_A). (**C**) Jacob homology model superimposed with template.

###### 

Ramachandran plot drawn by PROCHECK software.

**Notes:** Ramachandran plot for (**A**) chitinase homology model and (**B**) Jacob homology model.

###### 

*z* score representation by ProSA energy plot.

**Notes:** *z* score for (**A**) chitinase is −9.39 and (**B**) Jacob is −1.85.

**Abbreviation:** NMR, nuclear magnetic resonance.

###### 

Homology model verification scores by different verification servers

  Model number                     Allowed residue in Ramachandran plot   Disallowed residue in Ramachandran plot   VERIFY_3D   *z* score (kcal/mol)
  -------------------------------- -------------------------------------- ----------------------------------------- ----------- ----------------------
  **Chitinase model**                                                                                                           
  ESyPred3D Web Server 1.0-Model   91.1%                                  0.6%                                      93.92%      −9.39
  **Jacob model**                                                                                                               
  ESyPred3D Web Server 1.0-Model   71.1%                                  1.8%                                      46.27%      −1.85

###### 

Automated flexible docking scores for chitinase, Jacob, and chitinase with chitosan oligosaccharide by Autodock

  Serial No                                Chitinase   Jacob    Chitin
  ---------------------------------------- ----------- -------- --------
  Free binding energy (kcal/mol)           −9.43       −10.00   −2.85
  Final total internal energy (kcal/mol)   −2.36       −2.57    −2.21
  Final intermolecular energy (kcal/mol)   −11.06      −11.99   −4.76
  vdW + Hbond + desolv energy (kcal/mol)   −7.24       −8.89    −5.22
  Electrostatic energy (kcal/mol)          −3.82       −3.10    +0.47
  Torsional free energy (kcal/mol)         +3.29       +3.29    +3.29

**Abbreviations:** vdW, bond energy for Van der Waals bonding; Hbond, bond energy for hydrogen bonding; desolv, desolvation energy.
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![Graphical representation of biochemical components of the *Entamoeba* cyst wall.](ijn-10-4901Fig1){#f1-ijn-10-4901}

![Transmission electron microscopy (TEM) images of nanoparticles.\
**Notes:** (**A**) Image of oleic acid-coated iron oxide nanoparticles. (**B**) TEM image of chitosan oligosaccharide-functionalized iron oxide nanoparticles.](ijn-10-4901Fig2){#f2-ijn-10-4901}

![X-ray diffraction (XRD) patterns of nanoparticles.\
**Notes:** XRD pattern of oleic acid-coated iron oxide (Fe~3~O~4~) nanoparticles (black line). XRD pattern of chitosan oligosaccharide-functionalized iron oxide nanoparticles (CSO-INPs) (red line).\
**Abbreviation:** JCPDS, Joint Committee on Powder Diffraction Standards.](ijn-10-4901Fig3){#f3-ijn-10-4901}

![Fourier transform infrared spectroscopy (FTIR) of nanoparticles.\
**Notes:** Characteristic peaks of oleic acid-coated iron oxide nanoparticles (black line). FTIR characteristic peaks of chitosan oligosaccharide-functionalized iron oxide nanoparticles (CSO-INPs) (red line).](ijn-10-4901Fig4){#f4-ijn-10-4901}

![Representative fluorescence microscopic images of captured *Entamoeba invadens* cyst.\
**Notes:** The figures show the fluorescence microscopic images of *Entamoeba* spp. cyst sample untreated with CSO-INPs (**A**), treated with 0.5 mg/mL CSO-INPs (**B**), treated with 1 mg/mL CSO-INPs (**C**), treated with 2 mg/mL CSO-INPs (**D**), treated with 3 mg/mL CSO-INPs (**E**), treated with 4 mg/mL CSO-INPs (**F**), and treated with 5 mg/mL CSO-INPs (**G**).\
**Abbreviation:** CSO-INPs, chitosan oligosaccharide-functionalized iron oxide nanoparticles.](ijn-10-4901Fig5){#f5-ijn-10-4901}

![Transmission electron microscopy (TEM) image of magnetically deflected nanoparticle (CSO-INP)/cyst aggregates.\
**Abbreviation:** CSO-INP, chitosan oligosaccharide-functionalized iron oxide nanoparticle.](ijn-10-4901Fig6){#f6-ijn-10-4901}

![Representation of docked complex of chitinase with chitosan oligosaccharide and its hydrogen and hydrophobic interaction. Dotted yellow line depicts hydrogen bonding, hydrophobic residue is in green, and chitosan is depicted in red color.](ijn-10-4901Fig7){#f7-ijn-10-4901}

![Representation of docked complex of Jacob with chitosan oligosaccharide and its hydrogen and hydrophobic interaction. Dotted yellow line depicts hydrogen bonding, hydrophobic residue is depicted in green, and chitosan is depicted in red color.](ijn-10-4901Fig8){#f8-ijn-10-4901}

![Representation of docked complex of chitin with chitosan oligosaccharide and its hydrogen and hydrophobic interaction (chitin is in blue color, chitosan in red color).](ijn-10-4901Fig9){#f9-ijn-10-4901}
